Methanotrophs can express a cytoplasmic (soluble) methane monooxygenase (sMMO) or membrane-bound (particulate) methane monooxygenase (pMMO). Expression of these MMOs is strongly regulated by the availability of copper. Many methanotrophs have been found to synthesize a novel compound, methanobactin (Mb), that is responsible for the uptake of copper, and methanobactin produced by Methylosinus trichosporium OB3b plays a key role in controlling expression of MMO genes in this strain. As all known forms of methanobactin are structurally similar, it was hypothesized that methanobactin from one methanotroph may alter gene expression in another. When Methylosinus trichosporium OB3b was grown in the presence of 1 M CuCl 2 , expression of mmoX, encoding a subunit of the hydroxylase component of sMMO, was very low. mmoX expression increased, however, when methanobactin from Methylocystis sp. strain SB2 (SB2-Mb) was added, as did whole-cell sMMO activity, but there was no significant change in the amount of copper associated with M. trichosporium OB3b. If M. trichosporium OB3b was grown in the absence of CuCl 2 , the mmoX expression level was high but decreased by several orders of magnitude if copper prebound to SB2-Mb (Cu-SB2-Mb) was added, and biomass-associated copper was increased. Exposure of Methylosinus trichosporium OB3b to SB2-Mb had no effect on expression of mbnA, encoding the polypeptide precursor of methanobactin in either the presence or absence of CuCl 2 . mbnA expression, however, was reduced when Cu-SB2-Mb was added in both the absence and presence of CuCl 2 . These data suggest that methanobactin acts as a general signaling molecule in methanotrophs and that methanobactin "piracy" may be commonplace.
M
ethanotrophs are distinguished from other microorganisms by their ability to utilize methane as a sole carbon and energy source yet are phylogenetically and physiologically diverse. Microbial methane oxidation can be coupled to a variety of terminal electron acceptors, including oxygen, sulfate, nitrate, and nitrite (1) (2) (3) (4) . The aerobic methanotrophs are typically mesophilic and group phylogenetically within the Gammaproteobacteria and Alphaproteobacteria (1) . Thermo-and meso-acidophilic aerobic methanotrophs, however, that grow at pH Ͻ3 and at optimal temperatures ranging from 35°C to greater than 50°C have also been discovered in the phylum Verrucomicrobia (5) (6) (7) (8) (9) . Further, novel oxygenic methanotrophs that couple methane oxidation to nitrite reduction have been reported, e.g., "Candidatus Methylomirabilis oxyfera" that generates oxygen from a unique denitrification pathway, which is then used for methane oxidation (2) . Aerobic methanotrophs are found in many environments, e.g., freshwater and marine sediments, bogs, forest, and agricultural soils, among other locations (1, 2, 5-11).
These microorganisms have been extensively studied for many different reasons, including the fact that they play a key role in the global carbon cycle. All aerobic methanotrophs employ the enzyme methane monooxygenase (MMO) to convert methane to methanol in the first step of methane oxidation to CO 2 . One form of the enzyme, the particulate methane monooxygenase (pMMO), is found in most known aerobic methanotrophs and is located in the cytoplasmic membrane (1) . Another form, the soluble methane monooxygenase (sMMO), is found in some aerobic methanotrophs and is located in the cytoplasm (1) .
Aerobic proteobacterial methanotrophs are sensitive to copper, and this is a key factor regulating the expression of the genes encoding sMMO and pMMO as well as the activity of these enzymes. For the aerobic proteobacterial methanotrophs that can express both forms of MMO, sMMO is expressed only under conditions of copper deficiency, and various copper concentrations have a strong effect on the expression and activity of pMMO (1, (12) (13) (14) (15) (16) .
There are multiple mechanisms by which aerobic proteobacterial methanotrophs collect copper, including a membranebound copper binding protein, MopE (ϳ66 kDa), as well as a truncated form of MopE (ϳ46 kDa), termed MopE*, that is secreted into the growth medium (17) (18) (19) . This mechanism to date, however, has been characterized only from Methylococcus capsulatus Bath. Instead, many proteobacterial methanotrophs secrete a chalkophore, or copper-binding compound (chalko is Greek for copper), called methanobactin (Mb), for copper uptake. The first form of methanobactin characterized was from Methylosinus trichosporium OB3b, and it was found to be a small modified polypeptide of 1,154 Da that utilizes two oxazolone rings, each associated with an enethiol group for copper binding (Fig. 1A) (20) (21) (22) . More recently, methanobactins from four other methanotrophs have been characterized, and these methanobactins are all small (825 to 914 Da) and have two heterocyclic rings (one of which is an oxazolone ring and the other of which is either an imidazolone or pyrazinedione ring) with associated enethiol groups (23, 24) . All methanobactins examined to date have very high copper affinities. For example, the measured copper affinity for methanobactin from M. trichosporium OB3b ranges from 10 18 to 10 58 M
Ϫ1
(25-27), while methanobactin from Methylocystis sp. strain SB2 is reported to have a copper affinity of ϳ10 26 M Ϫ1 (28) . Further, copper binding is quite rapid; i.e., the initial binding rate of Cu 2ϩ to the first oxazolone ring for methanobactin from M. trichosporium OB3b is greater than 640 s Ϫ1 , followed by a coordination rate of 121 s Ϫ1 to the second oxazolone ring (25) . For methanobactin from Methylocystis sp. strain SB2, the coordination rates of Cu 2ϩ to both rings are greater than 2,000 s Ϫ1 (29) . Recent studies have shown that methanobactin influences expression of the two forms of MMO; i.e., it forms part of the "copper switch." Specifically, if purified methanobactin from M. trichosporium OB3b is added to cultures of M. trichosporium OB3b, increased expression of mmoX, encoding the ␣-subunit of the hydroxylase component of sMMO, is observed (30, 31) .
Given this finding, it was hypothesized that as methanobactin is secreted into the surrounding growth environment and as the known forms of methanobactin have significant structural similarity, methanobactin from one methanotroph may alter gene expression in another. To that end, we investigated the effect of the addition of methanobactin from Methylocystis sp. strain SB2 (Fig.  1B) to M. trichosporium OB3b on the expression of genes encoding polypeptides of pMMO and sMMO and on methanobactin synthesis. That is, we wished to determine whether methanobactins act as signaling molecules in methanotrophs to regulate gene expression.
MATERIALS AND METHODS
Growth conditions and isolation of methanobactin. Methylosinus trichosporium OB3b was grown in nitrate minimal salts (NMS) medium (32) at 30°C without any added copper or with 1 M copper as CuCl 2 . The background copper concentration in standard NMS medium was 0.03 Ϯ 0.01 M, as determined using atomic absorption spectroscopy (33) . Methanobactin from Methylocystis sp. strain SB2 (SB2-Mb) was isolated using procedures outlined by Bandow et al. (34) . The purity of SB2-Mb was determined to be 98.2% Ϯ 0.3% by high-performance liquid chromatography (HPLC) as described earlier (24) . Copper-SB2-Mb complexes (Cu-SB2-Mb) were made as reported previously (33) . Briefly, Cu-SB2-Mb was prepared by adding equimolar amounts of CuCl 2 and SB2-Mb to create a 5 mM stock solution. Cu-SB2-Mb was freshly prepared at 30°C under constant mixing at 200 rpm in the dark for 1 h before use. The concentration of copper not bound to SB2-Mb in Cu-SB2-Mb solutions was tested by monitoring the copper concentration in the flowthrough fraction of samples passed through Sep-Pak cartridges as previously described (34) . Copper concentrations in the flowthrough fractions were then determined by atomic absorption spectroscopy (33) . The concentration of copper not associated with SB2-Mb in stock Cu-Mb-SB2 solutions was below detection, i.e., Ͻ1 nM. The stability of Cu-SB2-Mb at 30°C in NMS medium was monitored by changes in the UV-visible light absorption spectra and by the presence of unbound copper. Following a 3-day incubation period, 0.30% Ϯ 0.01% sample loss was observed.
SB2-Mb or Cu-SB2-Mb was added to NMS medium at either 5 or 50 M as the amount of methanobactin found in the spent medium typically ranges from 4 to 50 M (1). Glass side-arm flasks (250 ml; each with 50 ml of NMS medium) for each condition were capped with butyl rubber stoppers. Methane was added at a methane-to-air ratio of 1:2. Cultures were grown at 30°C and shaken at 200 rpm for 3 days until the late exponential phase was reached. The optical density at 600 nm (OD 600 ) was measured in a Genesys 20 Visible spectrophotometer (Spectronic Unicam, Waltham, MA) at 3-to 6-h intervals until the late exponential phase was reached. All conditions had at least duplicate biological samples and most commonly triplicate samples. g for 10 min at 4°C to collect biomass. RNA was extracted as described earlier (30) . Any possible DNA contamination was examined for all RNA extractions via PCR amplification of the 16S rRNA gene, with each RNA sample treated with DNase until it was free of DNA contamination. A NanoDrop ND1000 instrument (NanoDrop Technologies, Inc., Wilmington, DE) was used to determine the concentration of purified RNA. Reverse transcription was performed on DNA-free RNA samples (500 ng) to synthesize cDNA using a Superscript III reverse transcriptase kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
RNA extraction and quantitative reverse transcriptase PCR (RTqPCR). M. trichosporium
RT-qPCR analyses were performed to quantify the relative expression of pmoA, mmoX, and mbnA genes in M. trichosporium OB3b grown with various amounts of copper, SB2-Mb, and Cu-SB2-Mb. Previously designed gene-specific primers (33) used for the amplifications included 5=-TTCTGGGGCTGGACCTAYTTC-3= and 5=-CCGACAGCAGCAGG ATGATG-3= for pmoA, 5=-TCAACACCGATCTSAACAACG-3= and 5=-T CCAGATTCCRCCCCAATCC-3= for mmoX, 5=-TGGAAACTCCCTTAG GAGGAA-3= and 5=-CTGCACGGATAGCACGAAC-3= for mbnA, and 5=-GCAGAACCTTACCAGCTTTTGAC-3= and 5=-CCCTTGCGGGAAG GAAGTC-3= for 16S rRNA. The specificities of these primers were verified by gel electrophoresis and sequencing of PCR products. Quantitative PCR (qPCR) amplifications were performed in 96-well reaction PCR plates using Mx3000P qPCR systems (Stratagene, La Jolla, CA). The final reaction volume (20 l) contained 0.8 l of cDNA, 1ϫ Brilliant III SYBR green qPCR Mastermix (Agilent Technologies, Santa Clara, CA), 15 nM 6-carboxy-X-rhodamine (ROX) dye, 0.5 M (each) forward and reverse primer, and sterile water (Ambion Life Technologies, Grand Island, NY). The Mx3000P PCR program involved 40 cycles of denaturation (95°C for 30 s), annealing (58°C for 20 s), and extension (68°C for 30 s) after an initial denaturation at 95°C for 10 min. After the qPCR cycles, samples were subjected to melting curve analysis with temperatures ranging from 55°C to 95°C to confirm the specificity of qPCR products. MxPro software (Stratagene, La Jolla, CA) was used to import the threshold amplification cycle values. Relative gene expression levels were calculated from these threshold cycle (C T ) values and the comparative C T method (2 Ϫ⌬⌬CT ) (35), with 16S rRNA as the housekeeping gene (33) .
Metal measurements. Copper associated with biomass of M. trichosporium OB3b grown in the presence of various amounts of CuCl 2 , SB2-Mb, and Cu-SB2-Mb was determined as described previously (33) . Briefly, cultures were centrifuged at 5,000 ϫ g for 10 min at 4°C. Cell pellets were then resuspended in 1 ml of fresh NMS medium before storage at Ϫ80°C. These suspensions were then acidified in 1 ml of 70% HNO 3 (vol/vol) and incubated for 2 h at 95°C. Copper associated with biomass was subsequently analyzed using inductively coupled plasma mass spectrometry (PerkinElmer, Waltham, MA).
Naphthalene assay for sMMO activity. sMMO activity in M. trichosporium OB3b was assayed using a modified version of the naphthalene assay (36, 37) . Briefly, growth was monitored by measuring the optical density at 600 nm (OD 600 ) using a Milton Roy Spectronic 20D spectrophotometer (Milton Roy Company, Warminster, PA). Cultures were grown to an optical density of between 0.3 and 0.4, and triplicate samples of 3 ml each were put in 10-ml serum vials with several flakes of naphthalene, capped with Teflon-coated butyl rubber stoppers, and sealed. Cultures were incubated for 2 h at 200 rpm and 30°C. The cell suspension was then centrifuged for 5 min at 6,300 ϫ g. A total of 130 l of freshly prepared 4.21 mM tetrazotized o-dianisidine was then placed in a 1.5-ml cuvette with 1.3 ml of the culture supernatant, and the absorbance at 528 nm was monitored immediately using a Genesys 20 Visible spectrophotometer (Spectronic Unicam, Waltham, MA).
Statistical analyses. One-way analyses of variance (ANOVA) were performed to determine any significant differences in the responses of M. trichosporium OB3b to various amounts of SB2-Mb or Cu-SB2-Mb in the presence or absence of CuCl 2 as well as unpaired, two-tailed Student's t tests, assuming equal variance between groups when only two data sets were compared.
RESULTS
Growth and gene expression in M. trichosporium OB3b incubated with various concentrations of copper, methanobactin, and copper-methanobactin from Methylocystis sp. strain SB2. In the absence of CuCl 2 , no significant trend in mmoX expression (encoding the ␣-subunit of the hydroxylase component of sMMO) was observed when various amounts of SB2-Mb were added ( Fig. 2A ) (ANOVA, P ϭ 0.36). If 1 M CuCl 2 was provided, mmoX expression significantly decreased by more than 4 orders of magnitude compared to values when no CuCl 2 was added (Student's t test, P ϭ 2.3 ϫ 10 Ϫ5 ). Expression of mmoX, however, increased by more than 3 orders of magnitude with increasing amounts of SB2-Mb (ANOVA, P ϭ 2 ϫ 10 Ϫ6 ). The addition of SB2-Mb had some effect on pmoA expression (encoding the 26-kDa subunit of pMMO) in the absence of CuCl 2 , with overall expression increasing ϳ60% as SB2-Mb was increased ( Fig. 3A) (ANOVA, P ϭ 0.019). Further, expression of pmoA was ϳ2.7-fold greater in the presence of CuCl 2 than in its absence (Student's t test, P ϭ 5.6 ϫ 10 Ϫ6 ), but pmoA expression did not change significantly in the presence of CuCl 2 with the simultaneous addition of SB2-Mb (ANOVA, P ϭ 0.08).
Finally, expression of mbnA (encoding the polypeptide precursor of methanobactin) in M. trichosporium OB3b was not found to vary significantly in the absence of CuCl 2 in response to the addition of SB2-Mb (Fig. 4A ) (ANOVA, P ϭ 0.22). Further, the addition of 1 M CuCl 2 reduced mbnA expression ϳ5-fold compared to the level in the absence of CuCl 2 (Student's t test, P ϭ 2 ϫ 10 Ϫ3 ). No significant change in mbnA expression was observed in response to various amounts of SB2-Mb when it was added in conjunction with 1 M CuCl 2 (ANOVA, P ϭ 0.60).
A different response was observed when SB2-Mb preincubated with copper (Cu-SB2-Mb) was added to cultures of M. trichosporium OB3b. In the absence of CuCl 2 , when Cu-SB2-Mb was added, mmoX expression dropped by approximately 4 orders of magnitude compared to when no Cu-SB2-Mb was added (Fig. 2B ) (ANOVA, P ϭ 7 ϫ 10 Ϫ7 ). Expression of mmoX in the presence of 1 M CuCl 2 was consistently low and did not change significantly with the addition of Cu-SB2-Mb (ANOVA, P ϭ 0.33). pmoA expression was less dependent on the presence of Cu-SB2-Mb. An ϳ1.5-to 2-fold increase in pmoA expression was found in the absence of any CuCl 2 when Cu-SB2-Mb was also added, but such a change was not significant (Fig. 3B ) (ANOVA, P ϭ 0.29). In the presence of 1 M CuCl 2 , pmoA expression decreased by ϳ3-fold when Cu-SB2-Mb was increased to 50 M (ANOVA, P ϭ 2 ϫ 10 Ϫ3 ). Expression of mbnA was affected by the addition of Cu-SB2-Mb in both the presence and absence of CuCl 2 (Fig. 4B) . In the absence of CuCl 2 , mbnA expression decreased by ϳ20-or 700-fold when either 5 or 50 M Cu-SB2-Mb was added, respectively (ANOVA, P ϭ 7.9 ϫ 10 Ϫ5 ). In the presence of 1 M CuCl 2 , mbnA expression decreased only when 50 M Cu-SB2-Mb was added (by ϳ100-fold), and overall the addition of Cu-SB2-Mb in the presence of 1 M CuCl 2 had a significant effect (ANOVA, P ϭ 5 ϫ 10 Ϫ3 ). Impact of various amounts of copper, methanobactin, and copper-methanobactin from Methylocystis sp. strain SB2 on MMO activity in M. trichosporium OB3b. Figure 5 summarizes the effect of SB2-Mb on sMMO activity in M. trichosporium OB3b, as determined using a naphthalene assay (36, 37) . The addition of up to 50 M SB2-Mb to M. trichosporium OB3b grown in the absence of CuCl 2 had no apparent effect on sMMO activity (ANOVA, P ϭ 0.4). If SB2-Mb was added in the presence of 1 M CuCl 2 , naphthalene oxidation significantly increased ϳ6-fold (ANOVA, P ϭ 2.1 ϫ 10 Ϫ6 ). When Cu-SB2-Mb was added to cultures of M. trichosporium OB3b grown in the absence of CuCl 2 , naphthalene oxidation decreased ϳ20-fold, (ANOVA, P ϭ 4.9 ϫ 10 Ϫ5 ). In the presence of copper, little sMMO activity was observed, and there was no sig- Uptake of copper by M. trichosporium OB3b in the presence of methanobactin and copper-methanobactin from Methylocystis sp. strain SB2. To determine any effect of the addition of SB2-Mb on the ability of M. trichosporium OB3b to sequester copper, biomass-associated copper was also measured. The addition SB2-Mb to M. trichosporium OB3b grown in the absence of CuCl 2 increased copper by ϳ2.2-fold, from 0.01 g of copper · mg protein Ϫ1 to 0.025 g of copper · mg protein Ϫ1 (Fig. 6A ) (ANOVA, P ϭ 0.01). More copper was associated with biomass when 1 M CuCl 2 was added, i.e., 0.08 g of copper · mg protein Ϫ1 , and such an increase was significant compared to copper measured when CuCl 2 was not added (Student's t test, P ϭ 2.7 ϫ 10 Ϫ4 ). The addition of SB2-Mb, however, did not alter the amount of copper associated with M. trichosporium OB3b cultures grown in the presence of CuCl 2 (ANOVA, P ϭ 0.38).
Cell-associated copper, however, significantly increased with increasing amounts of Cu-SB2-Mb in both the presence and absence of CuCl 2 ( Fig. 5B ) (ANOVA, P ϭ 1.7 ϫ 10 Ϫ11 and P ϭ 1.4 ϫ 10 Ϫ3 for M. trichosporium OB3b grown in the absence and presence of CuCl 2 , respectively). It is also interesting that approximately the same amount of cell-associated copper was found when either 5 or 50 M Cu-SB2-Mb was added in absence or presence of CuCl 2 . It was found earlier that M. trichosporium OB3b methanobactin cannot remove copper already bound to SB2-Mb and vice versa (28) . Given this and the findings reported here (e.g., copper associated with biomass increased and mmoX and mbnA expression decreased with increasing amounts of Cu-SB2-Mb), it appears that M. trichosporium OB3b was able to take up Cu-SB2-Mb complexes and that such uptake then caused changes in the expression of specific genes.
DISCUSSION
It is well-known that methanotrophic metabolism is strongly affected by copper and that methanotrophs utilize multiple mechanisms for copper uptake (1, (17) (18) (19) (20) (21) (22) (23) (24) . Further, it has been shown that in M. trichosporium OB3b, methanobactin plays a significant role in controlling gene expression. Specifically, in both the M. trichosporium OB3b wild type and an M. trichosporium OB3b mutant where the mbnA gene was disrupted, the exogenous addition of methanobactin from M. trichosporium OB3b increased expression of mmoX encoding the ␣-subunit of the hydroxylase component of the soluble methane monooxygenase (30, 31) . Given the significant structural similarity between the known forms of methanobactin, the role of methanobactin in controlling gene expression in at least one methanotroph, and the observation that methanobactin is secreted into the growth environment, it was hypothesized that methanobactin may also act as a signaling molecule.
The addition of SB2-Mb increased both mmoX expression and whole-cell activity of sMMO in the presence of 1 M CuCl 2 ( Fig.  2A and 5A ). SB2-Mb, however, had a much lower impact on either pmoA or mbnA expression in the absence or presence of CuCl 2 ( Fig. 3A and 4A ), suggesting that methanobactin selectively controls gene expression in M. trichosporium OB3b. It should be stressed, however, that copper-methanobactin complexes appear to more broadly regulate gene expression in M. trichosporium OB3b. When Cu-SB2-Mb was added, mmoX expression was consistently low both in the presence and absence of CuCl 2 , indicating that Cu-SB2-Mb complexes could control expression of the mmo operon. Further, mbnA expression was found to be dependent on the presence of Cu-SB2-Mb; i.e., mbnA expression decreased with increasing amounts of Cu-SB2-Mb, suggesting that coppermethanobactin complexes can control methanobactin expression, possibly through a FecIRA-like system, as speculated earlier (38) . Finally, Cu-SB2-Mb appeared to have relatively little effect on pmoA expression, suggesting that the control of MMO expression by methanobactin primarily targets regulation of the mmo operon.
The data presented here thus indicate that methanobactin caused differential gene expression in a methanotroph that did not produce it, and therefore methanobactin appears to be a signaling molecule. Signaling molecules are defined as substances used to either monitor cell density (i.e., quorum sensing) or the particular environmental niche a microbe inhabits to then induce specific changes in gene expression throughout the population (39) . It should be noted, however, that a signaling molecule must satisfy four criteria (40): (i) the production of the signaling molecule must occur either during specific stages of growth, under definitive physiological conditions, or in response to environmental changes; (ii) the signaling molecule must accumulate extracellularly and be recognized by a specific receptor; (iii) after accumulation, the signaling molecule must induce a concerted response after some threshold concentration is reached; and (iv) the response must be more than changes required to metabolize or detoxify the signaling molecule. Methanobactin meets these requirements as follows: (i) methanobactin synthesis is tightly controlled by the availability of copper (1); (ii) methanobactin is secreted into the growth medium (21-24, 34, 41) , and although the specific receptor by which methanobactin is recognized has yet to be definitively determined, it is speculated that methanobactin is recognized by a TonB-dependent transporter that is encoded upstream of the gene encoding the precursor polypeptide of methanobactin (30, 38) ; (iii) as shown here and in previous work (30, 31) , after accumulation, methanobactin induced significant changes in expression of genes encoding sMMO polypeptides; and (iv) these genes are not the basis by which methanobactin is metabolized or detoxified [it should be noted that the biotic mechanism(s) by which methanobactin is degraded is still unknown].
To date, at least 11 general families of signaling molecules in bacteria have been identified (39, (42) (43) (44) (45) (46) (47) (48) (49) (50) : (i) the N-acylhomoserine lactone family that is used in Gram-negative bacteria; (ii) the autoinducer oligopeptide family that is found typically in Grampositive bacteria and also in some Gram-negative bacteria; (iii) the autoinducer-2 group, which is formed from the precursor compound 4,5-dihydroxy-2,3-pentanedione and is found in both Gram-negative and Gram-positive bacteria; (iv) the CAI-1 family, which is derived from ␣-hydroxyketones and found in Gramnegative bacteria; (v) the diffusible signal factor family which is derived from fatty acids and is mainly found in Gram-negative bacteria; (vi) the diketopiperazine or cyclic dipeptide family found in Gram-negative bacteria; (vii) indole found in Escherichia coli; (viii) the Pseudomonas quinolone signal (PQS) found in P. aeruginosa; (ix) an integrated quorum-sensing (IQS) signal, 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde, also found in P. aeruginosa; (x) the ␥-butyrolactone family found in Streptomyces; and (xi) the family of ComX pheromones, i.e., modified peptides found in Gram-positive bacteria. Of these general families, it appears that methanobactin is most similar to ComX pheromones, but to the best of the authors' knowledge, this is the first report of any Gram-negative bacteria utilizing a modified polypeptide as a signaling molecule.
The finding that the addition of methanobactin from Methylocystis sp. strain SB2 affected specific gene expression and wholecell activity in M. trichosporium OB3b is remarkable. It is also noteworthy that copper associated with M. trichosporium OB3b cultures increased in the presence of Cu-SB2-Mb (Fig. 5B) . These data suggest that methanobactin "piracy" may occur in methanotrophic communities, as speculated earlier (31) . Although the number and diversity of functions ascribed to methanobactin may seem surprising, other metal-binding compounds have been found to have similar functions. For example, the siderophore bacillibactin has been shown to bind to specific promoter regions in Bacillus subtilis and amplify expression of specific genes in this strain (51) . Further, the siderophore pyoverdin has been shown not only to bind iron but also to regulate production of several virulence factors in Pseudomonas aeruginosa and act as a signaling molecule (52) . Finally, it has been well documented that many microorganisms perform siderophore piracy, where siderophores produced by one microbe are stolen by another to promote its growth (53, 54) .
In conclusion, we report here that methanobactin, in addition to binding copper, also serves as an interspecies signaling molecule. At this time it is unknown if methanobactin also serves as a signaling molecule to other microorganisms (e.g., ammonia-oxidizing bacteria) or how widespread the use of modified polypeptides as signaling molecules might be in Gram-negative bacteria. Such issues clearly warrant further investigation.
